One contribution of 16 to a discussion meeting issue 'Integrating Hebbian and homeostatic plasticity'. Hebbian and homeostatic plasticity are two major forms of plasticity in the nervous system: Hebbian plasticity provides a synaptic basis for associative learning, whereas homeostatic plasticity serves to stabilize network activity. While achieving seemingly very different goals, these two types of plasticity interact functionally through overlapping elements in their respective mechanisms. Here, we review studies conducted in the mammalian central nervous system, summarize known circuit and molecular mechanisms of homeostatic plasticity, and compare these mechanisms with those that mediate Hebbian plasticity. We end with a discussion of 'local' homeostatic plasticity and the potential role of local homeostatic plasticity as a form of metaplasticity that modulates a neuron's future capacity for Hebbian plasticity.
Introduction
Hebbian learning is arguably the simplest and best-known theory for associative learning. Proposed by Donald Hebb in the 1940s, Hebb's rule is pithily summarized by the now well-worn mantra, 'neurons that fire together, wire together' [1] . It soon became obvious, however, that the Hebbian learning rule could only partially explain synaptic modification, because it permits synaptic strength to grow infinitely, leading to instability. Based upon experimental observations made in the visual system, Cooper, Liberman and Oja proposed the CLO model (named after the initials of its three authors), in which they combined Hebbian and anti-Hebbian rules, allowing synaptic strength to be modified bidirectionally in a manner promoting synaptic weakening as well as strengthening. The direction of modification depended on where a neuron's post-synaptic response stood relative to a given threshold level (termed the modification threshold, u m ) [2] . When u m is set to a single value, however, the model still proves to be unstable. Therefore, a few years later, Bienenstock, Cooper and Munro further modified the CLO theory (now known as the BCM model) by adding a sliding modification threshold, which solves the instability problem owing to the rigid u m in the original CLO model [3] . Physiological evidence has since validated this version of the model by showing that the history of a neuron's activity determines its current biochemical state and its ability to undergo future synaptic plasticity [4, 5] , a phenomenon now referred to as metaplasticity-the plasticity of synaptic plasticity [6] . The BCM model has been widely tested. It was first examined in the visual system, where sensory experience could be altered and the subsequent effect on synaptic modification rules could be examined. Evidence for the sliding modification threshold was eventually obtained in multiple brain regions beyond the visual system [7] [8] [9] [10] [11] [12] [13] .
Learning and plasticity theories incorporated the BCM model and sliding modification threshold partly to provide a mechanism for stabilization of synaptic strength. In fact, biologists have long reflected upon the stability issue and studied it in biological systems beyond the nervous system, because 'homeostasis' of an organism's key physiological parameters (e.g. body temperature) is absolutely essential for survival [14] . It is now clear that network activity is a key parameter for the physiology of the nervous system, and that homeostatic mechanisms that maintain the stability of a network must exist [15, 16] . In the past two decades, neuroscientists have made significant progress towards characterization and mechanistic appreciation of homeostatic plasticity in both vertebrates and invertebrates [17] [18] [19] [20] .
How does homeostatic plasticity interact with Hebbian plasticity? Given its resembling purpose of stabilizing neural systems, is homeostatic plasticity actually a form of Hebbian metaplasticity? Sixteen years ago, in their review of 'Hebb and homeostasis in neuronal plasticity', Turrigiano & Nelson [21, p. 358] wrote that Hebbian and homeostatic plasticity 'often target the same molecular substrates, and have opposing effects on synaptic or neuronal properties'. However, few experimental studies directly compare the molecular or circuit mechanisms that underlie Hebbian versus homeostatic plasticity. Here, we briefly review circuit and molecular mechanisms that subserve these two primary forms of neural plasticity, and highlight the potential metaplastic role of local homeostatic plasticity in its modulation of Hebbian plasticity.
Circuit mechanisms: competition model and beyond
The theoretical interdependence of homeostatic and Hebbian plasticity has motivated major experimental efforts exploring their relationship, with particular focus on the conditions and loci at which each type of plasticity occurs, and where they overlap in action. Research towards this end has revealed that competition between inputs, duration of activity manipulation, and circuit element or cell types all play a role in determining the type(s) of plasticity that may occur in response to activity changes. In a 'competition model' of plasticity, the presence or absence of competitive input determines the mode of plasticity. Competition between a deprived (thus weaker) input and a spared (thus stronger) input typically triggers Hebbian plasticity, which either further depresses the weaker input and/or further strengthens the stronger input. Evidence supporting this competition model originates from studies in the sensory cortices. In the visual system, synaptic input from both eyes converges onto neurons in the binocular zone, with an innate bias in strength towards the contralateral eye [22] [23] [24] [25] . Classic experiments performed by Hubel and Wiesel in the kitten visual system first demonstrated a dramatic shift in the single-unit response preferences of binocular V1 neurons from the deprived to the non-deprived eye following monocular deprivation (MD). This phenomenon, which was limited to a critical period of development, was termed 'ocular dominance plasticity' (ODP) [26] . The idea that input competition-rather than absolute activity level-drives such plasticity arose from the surprising finding that binocular deprivation during the critical period had little effect on ocular dominance [27] . Following the footsteps of Hubel and Wiesel, critical period plasticity has now been demonstrated in multiple species possessing either ocular dominance columns (e.g. primates, cats) or more 'salt-and-pepper' organization of input selectivity (e.g. rodents) [24, [28] [29] [30] . Additional manipulations that decorrelated inputs to the eyes using divergent strabismus further indicated that the relative strength and timing of inputs govern plasticity and the eventual cell-to-cell distribution of input preference, a principle that has since been corroborated in rodents, using modern gain-of-function techniques [31, 32] . Later research has shown that MD drives ODP through a mechanism involving synaptic depression of the excitatory input from the thalamus, triggered by competition from spared inputs [24, 33] . Such depression is presumably owing to NMDA receptor-dependent homosynaptic long-term depression (LTD) [33] [34] [35] [36] [37] or potentiation of cortical inhibition [38] . Other research has detailed further dynamics of ODP, showing that in addition to Hebbian deprived-eye response depression, prolonged MD leads to a second Hebbian phase of potentiation in responsiveness to the non-deprived eye [23, 33] . For a more comprehensive review on Hebbian plasticity in the primary visual cortex, please see Cooke & Bear [39] .
In contrast to the type of changes induced by competing inputs of unequal strengths, general or overall strengthening or weakening of inputs appears to trigger homeostatic instead of Hebbian-type plasticity. In the visual system, experiments looking at the monocular zone following MD have provided evidence towards this end. Unlike the binocular zone of the primary visual cortex, the monocular zone of the primary visual cortex receives input only from one eye (the contralateral eye) and exhibits a very different response to visual deprivation of its input eye. Instead of displaying homosynaptic LTD, inputs from the deprived eye are strengthened via homeostatic multiplicative or non-multiplicative strengthening of excitatory synapses. Homeostatic synaptic strengthening has been shown to occur following MD or dark rearing, in both L4 and L2/3 pyramidal neurons, and it is present at different developmental stages during and past the critical period [40] [41] [42] [43] [44] [45] [46] [47] [48] . Notably, the quality of visual deprivation matters as to whether homeostasis occurs: while complete pharmacological block of retinal activity and also dark rearing induce homeostatic upregulation of excitatory synapses, lid suture, which permits unstructured visual inputs through the closed eyelid, induces LTD-like synaptic weakening in the monocular zone [48] .
Analogous deprivation studies in the rodent barrel cortex also provide some evidence that discrepancies in competing input strength evoke Hebbian plasticity, whereas more uniform changes in input activity lead to homeostatic plasticity. In rodent somatosensory cortex (S1), 'barrel' structures topographically represent somatosensory inputs originating from five rows of four-to-seven whiskers (reviewed in [49] ). Single-row whisker trimming, which exacerbates competition between whisker inputs, leads to synaptic weakening of L4 to L2/3 input in the deprived barrels in both young (P12) and older (P20) rats [50] , through a pre-synaptic, endocannabinoid-dependent mechanism likely to be homosynaptic LTD [51, 52] . By contrast, unilateral trimming of all whiskers in three to four week-old young rats for 5-14 days, which uniformly deprives all whisker input to the contralateral barrel cortex, produces little change in the excitatory synaptic function of barrel cortical L4 and L2/3 neurons [44, 53] . However, homeostatic changes at excitatory synapses in L2/3 and L4 barrel cortex can be observed after more severe forms of deprivation such as two month unilateral whisker trimming from birth or unilateral infraorbital nerve resection (abolishing all tactile input) [54, 55] .
Although a competition model is attractive in its simplicity and ample evidence supports it, changes in cortical circuits in rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 372: 20160155 response to sensory deprivation can be more complex than this straightforward view allows, and probably involves consideration of changes in addition to excitatory synaptic strengthening or weakening. In some cases, competing inputs still respond with elements of homeostasis. Following MD in binocular V1, intrinsic imaging and spiking activity measurements show that after an initial, presumably Hebbian depression of deprived-eye responses to stimuli (within 3 days of deprivation), a second, delayed increase in both deprived-and open-eye responses does occur after 5-6 days of deprivation [33, 45] . In the somatosensory cortex, unlike L2/3 pyramidal neurons, L5 pyramidal neurons respond to single-row whisker trimming with homeostatic multiplicative synaptic scaling of miniature excitatory postsynaptic currents [56] . While single-row trimming leads to the weakening of whisker-evoked response in L2/3 neurons, as expected with competition-driven Hebbian plasticity; such depression occurs with a delay, following a transient period where a characteristically homeostatic increase in whisker-evoked response in L2/3 neurons is observed [50, 57] . A rapid and strong reduction in feedforward whisker-induced inhibition is thought to underlie an immediate homeostatic compensation that masks the onset of Hebbian weakening of L2/3 excitatory input [57] . Using in utero electroporation of channelrhodopsin-2 to selectively activate inhibitory recurrent L2/3 networks, it has also been demonstrated that single-row whisker deprivation in juvenile rats results in homeostatically reduced L2/ 3 recurrent inhibition and gamma oscillations [58] . Interestingly, such disinhibition-mediated homeostatic restoration of neuronal responsiveness appears to be quite prevalent. In primary auditory cortex, bilateral cochlear lesions, which create a more 'global' form of auditory deprivation, homeostatically increase the excitatory synaptic strength in A1 L2/3 neurons as would be predicted [59] . However, selective hearing loss of high-frequency sound also increases neuronal responsiveness in the lesion projection zone (area representing high-frequency sound) through a selective repression of synaptic inhibition within the zone. This occurs despite the presence of normal input to the neighbouring cortical area representing lower-frequency sounds, indicating that homeostatic plasticity can occur in the presence of activity competition [60] .
The apparent complexity of what dictates Hebbian versus homeostatic plasticity might be explained by considering detailed, single-cell-level inputs rather than by the broader selectivity of a cortical column or subregion. In vivo calcium imaging studies, which benefit from being able to map the eye-preference of individual cells in the binocular visual cortex, showed that neurons with an initial deprived-eye preference exclusively and strongly increased their responsiveness to the deprived eye in a homeostatic fashion, whereas those with an initial spared-eye preference exclusively weakened their responsiveness to the deprived eye [61] . Such results reconcile the simple competition-based model outlined above with empirical observations of homeostasis, by demonstrating that on a cell-by-cell basis, the initial ratio of inputs prior to activity manipulation predicts the plasticity mode that will be evoked by activity perturbation-cells receiving competing inputs undergo Hebbian plasticity in favour of the preserved input, whereas cells receiving non-competing inputs (i.e. monocular input from the deprived eye) undergo homeostatic plasticity in response to deprivation. The heterogeneous mixture of cells with differential input preferences is what gives rise to complex plasticity responses on a mesoscopic level. Therefore, closer examination of plasticity at granular level is needed. For example, in A1, even tonotopically organized L4 neurons have broad tuning curves and can in fact receive crossfrequency inputs; in S1, calcium imaging has revealed that L2 neurons can display salt-and-pepper organization and tuning to many whiskers [62, 63] . Indeed, cell-type-specific analysis (or even subcellular compartment-level analysis, given apparent dendritic branch-specific tuning of inputs) of plasticity responses may be the key towards understanding Hebbian and homeostatic changes [64, 65] . For example, in L5 of the somatosensory cortex, individual analysis of regular and burst spiking pyramidal neurons, which project to distinct targets, reveals that they each show distinct time courses of depression and homeostatic recovery of spiking in response to whisker deprivation [56] .
It is worth mentioning that a recent study performing longitudinal recordings of single cell activities using in vivo Ca 2þ imaging showed that the ocular dominance preference is highly preserved at individual neuron levels-the OD preference before MD and post-recovery after MD is remarkably similar [66] , suggesting that despite the complex synaptic plasticity during and after MD, the network structure is highly drift-and perturbation-resistant with the tuning features of individual neurons remaining faithful [67] .
Cellular and molecular mechanisms: overlapping and distinct features
While many studies describe both Hebbian and homeostatic forms of plasticity after input deprivation, particularly in the sensory cortices, few have directly examined their functional interactions [68] . In a recent in vitro study, prolonged treatment of cultured hippocampal slices with tetrodotoxin (TTX), a classic paradigm for inducing homeostatic scaling, resulted in the formation of post-synaptic 'silent synapses' (i.e. NMDA receptor-containing but AMPA receptor-lacking synapses). These silent synapses could later be 'unsilenced' or reactivated so as to permit subsequent, greatly enhanced levels of long-term potentiation (LTP) [69] . Another study using acute hippocampal slices showed similarly enhanced LTP after 3 h of TTX and APV (an NMDA receptor blocker) treatment [70] . Importantly, in vivo studies using sensory deprivation paradigms demonstrated that visual deprivation (i.e. dark rearing), which reduces synaptic activities in the visual cortex, indeed enhances cortical LTP [12, 71] . Taken together, these studies demonstrate that homeostatic responses in a neural circuit can manifest in a multifaceted manner involving structural and synaptic changes, and that they can have a lasting influence on the state of the circuit, impacting its capacity for subsequent Hebbian plasticity. A key requirement for understanding the functional interaction between Hebbian and homeostatic plasticity is the ability to specifically manipulate the network's capacity to undergo one type of plasticity without directly affecting the other type of plasticity. Significant progress has been made in recent decades towards a molecular understanding of Hebbian as well as homeostatic plasticity mechanisms, providing the necessary means to dissect the influence of homeostatic plasticity on Hebbian plasticity or vice versa. In this review, space constraints do not allow us to discuss in full the detailed literature on the molecular mechanisms of Hebbian and homeostatic plasticity, which have been covered by many excellent rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 372: 20160155 reviews [17, 19, 20, 72, 73] . Instead, we focus on the molecular intersection and distinctions between Hebbian and homeostatic synaptic plasticity at central mammalian synapses.
(a) Shared molecular regulators
Trafficking of AMPA-type glutamate receptors in and out of synapses underlies major forms of Hebbian and homeostatic plasticity. Modulation of AMPA receptor endocytosis and exocytosis in synaptic plasticity has been a topic of intense investigation in the past few decades (for a recent review, see [72] ). It is probably not surprising that Hebbian and homeostatic plasticity share some components of the molecular machinery mediating receptor trafficking pathways. One such example of a shared component is Arc/Arg3.1, which was first discovered as an immediate early gene whose expression is upregulated by elevated synaptic activity [74, 75] . Arc/Arg3.1 regulates AMPA receptor endocytosis and is implicated in hippocampal LTP and LTD [76] [77] [78] [79] [80] as well as in homeostatic plasticity of both hippocampus and cortex [41, 81, 82] . Additional examples include PICK1, PSD-95 and PSD-93, whose roles in trafficking and synaptic stabilization of AMPA receptors suggest that they are involved in both Hebbian and homeostatic plasticity [83] [84] [85] [86] [87] [88] . Aside from regulators common to both types of plasticity, other studies have explored AMPA receptor trafficking components that are distinct between the two types of plasticity. AMPA receptor endocytosis seems to engage different signalling components. While AMPA receptor endocytosis in both hippocampal and cerebellar LTD uses a classic clathrin-and dynamin-mediated pathway [89] [90] [91] , hyperactivity-induced homeostatic downscaling instead requires the small GTPase Rac1 and F-actin [92] . It is unclear, however, whether Rac1 is exclusively involved in homeostatic plasticity, because Rac1 inactivation also impairs Hebbian plasticity [93, 94] . Additionally, it has been recently reported that distinct SNARE complex components mediating AMPA receptor exocytosis participate in both Hebbian and homeostatic plasticity (see detailed discussion in §3b) [95, 96] .
In addition to the final mobilization of glutamate receptors into and out of excitatory synapses, Hebbian and homeostatic plasticity mechanisms also converge at more upstream signalling pathways. CaMKIIa is known to be critically involved in Hebbian LTP [97, 98] . In the context of homeostatic plasticity, prolonged changes in neuronal activity alter the ratio of CaMKIIa to CaMKIIb, with increased activity favouring CaMKIIa and decreased activity favouring CaMKIIb [99] . CaMKII's involvement in both types of plasticity extends to some of its substrates. For example, SynGAP is a Ras-GTPase protein that closely associates with NMDA receptors and is enriched in postsynaptic densities (PSDs) [100, 101] . CaMKII phosphorylates and inactivates SynGAP, which promotes LTP through activation of ERK signalling pathways [102, 103] . A recent study showed that SynGAP also regulates cortical homeostatic plasticity through suppression of protein synthesis via mTOR and ERK signalling [104] . Calcineurin, a serine/threonine phosphatase with well-documented roles in Hebbian plasticity [105] [106] [107] , was recently shown to participate in a retinoic acid (RA)-dependent homeostatic synaptic plasticity mechanism, by triggering RA synthesis following a drop in synaptic activity [108] . Additional signalling molecules shared between the two types of plasticity include CaMKIV [109] [110] [111] , Homer 1 [112] [113] [114] , class I MHC [115, 116] and BDNF [117, 118] . Although the role of Polo-like kinase 2 (Plk2) in homeostatic downscaling is well documented [119, 120] , its potential involvement in Hebbian plasticity has not been fully explored [121] .
Taken together, many of the molecular pathways essential for synaptic plasticity were first described for their involvement in Hebbian plasticity, but were later on discovered to be 'moonlighting' in homeostatic plasticity. It is conceivable that engagement of these shared molecular pathways during one type of plasticity could alter the state of the synapses in terms of their capacity for undergoing other types of synaptic plasticity. However, an essential step in dissecting the interaction between different types of plasticity is to manipulate one type of plasticity specifically without affecting the others, which requires a thorough molecular understanding of signalling pathways that are unique to each type of plasticity.
(b) Distinct players in homeostatic plasticity
Molecular players uniquely involved in homeostatic synaptic plasticity began to emerge in the last decade from studies focusing on molecular mechanisms of homeostatic plasticity. In this review, we focus on two of them, namely tumour necrosis factor alpha (TNFa) and RA. Both have been studied in the context of Hebbian and homeostatic plasticity, with strong evidence for their specific participation in homeostatic plasticity.
TNFa is a glial-derived factor that was first described in in vitro studies to be required for homeostatic upscaling of excitatory synaptic transmission and downscaling of inhibitory synaptic transmission, but not involved in Hebbian LTP and LTD [122] [123] [124] [125] . Its role in homeostatic plasticity was further confirmed in vivo, where TNFa knockout mice display typical Hebbian weakening of visual cortical responses following brief MD, but fail to exhibit the normal delayed homeostatic rebound [45] . A recent study elegantly elucidated TNFa's role in cortical homeostatic plasticity by comparing side by side the differential requirement of CaMKII and TNFa for Hebbian and homeostatic plasticity in the somatosensory cortex after whisker deprivation [56] . Following an initial depression after brief whisker deprivation, L5 somatosensory cortical neurons displayed a 'recovery' of responses in both intrinsic bursting (IB) and regular spiking (RS) pyramidal cells; this recovery was homeostatic in nature and was TNFa-dependent. Additionally, IB cells showed input-specific potentiation (Hebbian LTP) that required CaMKII autophosphorylation. Although the molecular and cellular pathway leading from neuronal activity to TNFa biosynthesis has yet to be discovered, recent studies show that striatal microglial produce TNFa [126, 127] . As opposed to its role in hippocampus, where it mediates excitatory synaptic strengthening, in striatum, TNFa was shown to drive synaptic AMPA receptor internalization, thus reducing glutamatergic synaptic strength. In the ventral striatum or nucleus accumbens core, cocaine administration specifically activates TNFa production, reduces excitatory synaptic transmission and limits the development of behavioural sensitization [126] . The opposite effect of TNFa on excitatory transmission and AMPA receptor surface expression in hippocampal and cortical neurons versus striatal neurons is interesting, and may suggest a context-dependent influence of TNFa signalling on synaptic strength.
In contrast to TNFa's glial origin, RA is a neuronal factor that is critically involved in homeostatic synaptic plasticity. RA synthesis is triggered by reduced excitatory synaptic transmission and decreased dendritic calcium levels [128, 129] . The RA receptor RARa is a classical DNA-binding nuclear receptor rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 372: 20160155 that regulates gene transcription during development [130] . In mature neurons, however, RARa can translocate out of the nucleus into neuronal dendrites and regulate translation of specific mRNAs located in RNA granules [131] [132] [133] . During homeostatic plasticity, RA synthesis and the translational regulation function of RARa lead to enhanced excitatory synaptic transmission and reduced inhibitory synaptic transmission [132] [133] [134] . Importantly, deletion of RARa, which removes RA signalling, selectively impairs homeostatic synaptic plasticity without affecting Hebbian LTP in the hippocampus [95, 128, 134, 135] . Further dissection of RA-mediated homeostatic synaptic plasticity mechanisms has uncovered that some molecular features of RA-dependent homeostatic plasticity are shared with Hebbian LTP, whereas others are unique to homeostatic plasticity [95] . For example, although both LTP-and RA-mediated AMPA receptor insertion require NMDA receptor activation, their dependence on complexin and individual SNARE complex components are distinct: LTP requires complexin and syntaxin-3, whereas RA-induced AMPA receptor exocytosis requires syntaxin-4 and does not involve complexin. Moreover, inducing excitatory synaptic strengthening with RA blocks subsequent induction of LTP. Knocking down syntaxin-4, which prevents RA-induced AMPA receptor insertion, restores the ability to induce LTP following RA treatment [95] , indicating that the step of AMPA receptor exocytosis may act as a critical interaction point between some forms of Hebbian and homeostatic synaptic plasticity.
Although they originate from different cell types, TNFa and RA have several parallel effects on synapses. First, when applied directly, both can act at excitatory and inhibitory synapses to modulate synaptic transmission strength, although the direction of modification depends upon the neuronal type (at least in the case of TNFa). Second, despite their ability to regulate excitatory transmission, neither TNFa nor RA seems to be directly involved in Hebbian plasticity, making them ideal tools to investigate the influence of homeostatic plasticity on Hebbian plasticity in an intact circuit.
Local homeostatic synaptic plasticity-a form of metaplasticity?
Can homeostatic plasticity serve as a form of metaplasticity, and if so, how does it influence Hebbian plasticity? To answer such a question requires experiments that assess Hebbian plasticity following manipulations that exclusively alter homeostatic plasticity. For example, visual deprivation is known to facilitate LTP and to restrict LTD in rodents [12] , and it is known that ODP can be restored in adult rats by dark exposure [136] . Evidence for homeostatic plasticity after visual deprivation is also overwhelming (see discussion in §2). What happens to Hebbian plasticity after visual deprivation in animals that lack homeostatic plasticity (i.e. genetically manipulated to lack molecular players involved in only in homeostatic and not Hebbian plasticity)? Would the shift in LTP and LTD be different from that observed in normal animals? Would animals deficient for homeostatic plasticity exhibit adult ODP after dark rearing, as do wild-type animals? While these questions have yet to be addressed experimentally, here we speculate as to whether the certain features of homeostatic plasticity, defined by its unique molecular mechanisms, make it an ideal candidate for a form of metaplasticity.
One distinctive feature of homeostatic plasticity is the spatial range of its influence-while Hebbian plasticity is considered an input-specific learning mechanism (homosynaptic), homeostatic plasticity was initially conceptualized to operate globally (both homo-and heterosynaptically). Therefore, homeostatic modifications of synaptic strength were thought to occur at the whole neuron level, such that changes occur across all synapses of a neuron [137] . However, it has become increasingly clear that homeostatic plasticity can also act locally on a small subset of synapses, depending on the exact form of homeostatic plasticity [138] [139] [140] [141] [142] . Do global and local homeostatic plasticity represent different shades of grey, or do they achieve different goals?
Homeostatic plasticity operating at a whole-neuron level achieves stability of neuronal firing rate in response to input activity (i.e. the goal is to maintain a stable input-output relation with neuronal firing rate as a readout). As a glialderived cytokine, TNFa is an ideal molecule to support such a goal, as its action is unlikely to be restricted to single synapses, but may encompass a large number or even all of the synapses from a single neuron or a group of neurons, and thus maintain the overall firing-rate stability of the affected neurons [45, 56] . On the contrary, local homeostatic plasticity likely maintains activity stability in a neuronal subcompartment, such as a dendritic segment, without necessarily having a major influence on neuronal firing rates. The goal of local homeostatic plasticity may be to fine-tune Hebbian rules at a subset of synapses based on their activity experience-a role highly reminiscent of metaplasticity. Can RA support local homeostatic plasticity and possibly metaplasticity? Although the RA synthesis enzyme retinal dehydrogenase is expressed throughout the soma and dendrites of neurons [128] , the synthesis of RA is tightly regulated by synaptic or dendritic calcium influx, and is not sensitive to somatic calcium influx [129] . Small and highly lipophilic, RA may function in both an autocrine and a paracrine manner to influence the state of those synapses that are experiencing prolonged changes in activity, as well as their close neighbours. Thus, the basic biological properties of the RA molecule might permit homeostatic plasticity to occur with a moderate level of locality-both restricted and yet not limited to an individual synapse. Thus, RA or other similar molecules may recalibrate the modification threshold at a population of synapses sharing the same dendritic branch based on their common activity history. Indeed, neighbouring synapses tend to share similar activity pattern [65, 143] . Likewise, experience-induced synaptic changes also tend to exhibit highly structured spatial patterns favouring branch-based organization [144] [145] [146] [147] . It will be of interest to investigate whether local homeostatic plasticity mechanisms contribute to the spatial organization of both synaptic and structural plasticity.
Conclusion
Compared with our knowledge of Hebbian plasticity, its underlying molecular mechanisms, its circuit functions and its functional implications for behaviour at whole organism level, our understanding of homeostatic plasticity lags behind. In this review, we have highlighted the circuit mechanisms underlying both types of plasticity, and the complexity of their dynamics as observed in in vivo studies. We have also compared the known molecular players involved rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 372: 20160155 in homeostatic and Hebbian plasticity in a 'homeostatic plasticity-centric' fashion in the sense that we emphasized molecular mechanisms exclusively involved in homeostatic plasticity, as well as some shared with Hebbian plasticity. We have also showcased the power of identifying these molecular players towards empirical dissection of the contribution of homeostatic plasticity to Hebbian learning. Finally, using RA as a specific example, we discussed the potential role of local homeostatic plasticity as a form of metaplasticity in its functional impact on Hebbian plasticity.
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